Abstract. The behaviour of small span railway bridges is known to be particularly difficult to predict due to the complexity of the coupled train-track
INTRODUCTION
Safety has always been one of the main Engineering concerns, particularly for important structures such as bridges. Due to the generalized use of computers and their continuous evolution, the safety assessment techniques have become increasingly sophisticated and complex, allowing more realistic and accurate analysis. In recent years, the use of probabilistic methods to assess the safety of new and existing structures has become more frequent.
Due to the degree of complexity of the safety assessment of railway bridges the use of such methods is not very common. Simulation methods are generally used when probabilistic methodologies are employed to study these problems. The Monte Carlo method [1] is usually selected, but more refined methods like the Latin Hypercube [2] can also be applied. Regardless of the selected method, the objective is always to obtain an accurate assessment using an efficient methodology. The efficiency of a methodology represents its capacity to reduce computational costs without compromising accuracy. Besides accuracy, the quantification of the uncertainties in the predictions is also important.
Despite the potential of the simulation methods, it is observed that for several problems the use of such technique may be computationally prohibitive. For this reason several authors proposed complementary procedures in order to enhance the efficiency of such methods. Naess et al. [3] proposed an approach that estimates the probability of failure by extrapolating the tail probabilities based on the estimates of the failure probabilities at moderate levels. Ramu et al. [4] , on the other hand, proposed the estimation of the probability of failure by modelling the tails of the obtained distributions.
In previous research works the safety due to track instability caused by excessive deck vibrations [5] and the running safety of trains [6] on this type of bridges have already been studied using probabilistic approaches. In the present study the safety assessment of a short span composite high-speed railway bridge is performed. The current paper is focused on the analysis of the efficiency of different probabilistic methodologies in the safety assessment of short span railway bridges. Besides the standard Monte Carlo simulation, that has been used in previous works, in this paper a more refined simulation technique, namely the Latin Hypercube sampling method, is also applied. Furthermore, both simulation methods are combined with two different approaches to enhance efficiency. One is based on the extreme value theory and uses the Generalized Pareto Distribution to model the tail of the distribution. The other uses an approximation procedure based on the evaluation of the failure probabilities at moderate levels to estimate the target probability of failure by extrapolation.
The safety of the train-track-bridge system is assessed through the analysis of the track instability due to excessive deck vibrations. The results obtained by different methods are compared in order to identify the most efficient approach.
STRUCTURAL RELIABILITY ANALYSIS
The use of analytical techniques for the reliability analysis of complex structural systems, which are often characterized by non-linear limit-state functions, can be extremely difficult. In this section, several alternatives to asses this problem are presented and discussed. The different investigated techniques are used in the safety assessment of a short span high-speed railway bridge presented in Section 3. The obtained results are compared in order to identify the most efficient approach.
Tail modelling -Generalized Pareto Distribution (GPD)
Since structural reliability problems are determined by the tail of the obtained statistical distributions, the computational cost can be significantly reduced if an extrapolation of the Cumulative Distribution Function (CDF) is made using tail modelling techniques [4] . The classical tail modelling is based on the extreme value theory and consists on approximating the tail portion of the CDF above a certain threshold, u, by the Generalized Pareto Distribution [7] . The approximation function, Fξ,ψ(z), can be written as [4] :
where z is the exceedance, ξ and ψ are the shape and scale parameters, respectively. This method has been applied in previous research works [5] and proved its efficiency in the analysis of complex multi-modal response problems. However, the tail needs to be modelled accurately, as small variations in the tail of the distribution can result in a variation by an order of magnitude of the safety level. Furthermore, the method relies significantly in the most extreme values, which are the ones that present the largest uncertainty. For this reason the estimated probability of failure may require, in some cases, a larger number of simulations until it stabilizes.
Enhanced simulation method (ES)
Naess et al. [3] proposed an enhanced simulation method which is able to overcome some limitations of high computational cost due to large samples needed for a robust estimation as in the previously presented method. It exploits the regularity of the tail probabilities to set up an approximation procedure based on the estimates of the failure probabilities at more moderate levels for the prediction of the far tail failure probabilities. The safety margin, M, represents the difference between the capacity and the demand to define the probability of failure as Prob ( 0) f pM  and is extended to a parameterized class of safety margins in the following way:
where μM is the mean value of the safety margin M and λ is the scaling parameter that assumes values in the interval 0 ≤ λ ≤ 1, putting the emphasis on the more reliable data points. Thus, the original system is obtained for λ = 1 while λ = 0 represents a system highly disposed to failure. For a sample of size N an empirically estimated probability of failure is given by:
where Nf(λ) represents the number of realizations where there was failure for the given λ level. The 95% confidence interval for the value pf(λ) can be reasonably estimated by:
Introducing an approximation function fitted to the estimates allows estimating the target probability of failure by extrapolation. As proposed by [3] , it is assumed that the probability of failure in the tail is dominated by a function that can be written as a function of λ:
where q(λ) is a function that varies slowly compared with the exponential function
. Thus, for practical applications it can be assumed that q(λ) = q and can then be applied in the following form for a suitable value of λ0 [3] :
Therefore, an important part of the method is the identification of this suitable λ0 so that Eq. . The optimum values for the four parameters q, a, b and c can be obtained through a least square optimization method using the Levenberg-Marquardt algorithm to the failure probabilities obtained by the Monte Carlo simulation.
For the estimation of the confidence intervals the empirical confidence band is re-adjusted to the optimal curve through Eq. (4). Then, the optimized confidence intervals are determined using a similar optimization procedure based on the re-adjusted confidence band. The fact that the confidence intervals can also be obtained by extrapolation, reducing significantly the influence of the sample size, is an important feature of this method. This enables it to be used to determine the accuracy of the estimated probability of failure. The fitted curves, extrapolated to the level of interest, will determine an optimized confidence interval of the estimated target failure probability.
CASE STUDY

Canelas Bridge
Canelas Bridge is selected as case study. It is located in the Northern line of the Portuguese railway and is composed of six simply supported spans of 12 m each, with a total length of 72 m. The bridge deck is a filler beam consisting of two half concrete slab decks, each supporting a single ballasted track, with nine embedded rolled steel profiles HEB 500. Laminated neoprene elastomeric bearings are placed underneath each steel profile, in a total of 9 bearings per half deck. A longitudinal view of the bridge used as case study and the typical deck cross section is shown in Figure 1 The main reason for the selection of this bridge is that this is a very common structural system used for the European railway lines. A detailed description of the case study bridge can be found in [8] . The numerical model developed for the bridge is similar to the one used in [5] and is presented in the following section.
Numerical models
The Finite Element Method is used for the numerical modelling of both the bridge and the train. Regarding the bridge a 2D model is developed and discretized using beam elements. A single span is modelled and only one track is analysed, as the two half slab decks are independent. Furthermore, the model assumes that the bridge is inserted in a straight section of a high-speed railway line.
The deck is modelled as a beam positioned at the corresponding centre of gravity. The bearings are also included in the numerical model as springs positioned at the corresponding centre of rotation. The vertical and horizontal stiffness of the bearings are calculated according to [9] . With respect to the ballasted track, the model includes the rails, modelled as beams, the sleepers which are simulated by lumped masses and also the rail pads and the ballast layer, modelled as sets of springs and dampers. The shear behaviour of the ballast layer due to composite effects is also accounted for and is computed in accordance with the elastic range of the bi-linear behaviour proposed by [10] . A more detailed description of the numerical model can be consulted in [5] . A schematic representation of the track-bridge numerical model is shown in Figure 2 . The zoom in Figure 2 corresponds to the same section that is composed by an overlap of the two represented elements. The existence of track irregularities is also taken into account in this paper and they are randomly generated using power spectral density functions according to SNCF proposal, which is limited to wavelengths between 2 m and 40 m [11] . In the current paper the wavelength range D1 defined by [12] is considered, limiting the analysis to wavelengths between 3 m and 25 m. The numerical process used to generate track irregularities can be consulted in [5] . In order to comply with the quality demands of EN13484-5 [12] the maximum standard deviation of the generated track irregularities profiles is limited to 1.5 mm over a track extension of 200 m.
Bearing in mind the bridge case study, variables that might have relevant nondeterministic properties which can lead to a significant change of the dynamic response were identified. This results in the selection of the random variables presented in Table 1 . Similarly, the set of selected random variables for the track is specified in Table 2 Regarding the train, the dynamic behaviour of the bridge is assessed for the crossing of a TGV double high-speed train. This is an articulated train that is composed by a total of 20 coaches: four power cars, four power passenger cars and twelve passenger cars. The train model includes the car bodies, the bogies, the primary and secondary suspensions, the wheelsets and also the wheel-rail contact stiffness. A schematic representation of the train and the corresponding numerical model is illustrated in Figure 3 . A more detailed description of the train numerical model can be consulted in [5] . Adopting the same principle that is considered for the bridge and the track, the random variables selected for the train model are indicated in Table 3 . It should be mentioned that the dynamic properties of the train are defined according to the values presented by [10] . 
SAFETY ASSESSMENT
In this section the safety assessment of the bridge is discussed. The different methodologies presented in Section 2 are used and the results compared in terms of efficiency. Both Monte Carlo (MC) and Latin Hypercube (LH) simulation are used. Furthermore, each of these simulation methods are combined with the Generalized Pareto Distribution (GPD) fit and also with the Enhanced Simulation method (ES) proposed by [3] . The safety of the train-trackbridge system is assessed through the analysis of the track instability due to excessive deck vibrations. The train-bridge system is considered to be safe if the estimated probability of failure is lower than 10 -4 , which corresponds to a reference value in the Joint Committee on Structural Safety (JCSS) Probabilistic Model Code [13] .
Track instability
The safety due to track instability is assessed by the bridge deck acceleration. For each simulation the maximum acceleration along the bridge deck is identified and selected as representative to assess the safety. The track instability is characterized by the loss of interlock between ballast grains, leading to the loss of the lateral resistance of the sleepers. Laboratory tests confirmed that the ballast instability only tends to occur for deck accelerations higher than 7 m/s 2 [14] . Below this limit the sleeper hardly moves and no loss of lateral resistance is observed. However, EN1991-2 [15] limits deck acceleration to a maximum of 3.5 m/s 2 for ballasted tracks, which indicates that a safety factor of 2 is applied. Since the safety of the train-bridge system is only at risk when deck accelerations are over 7 m/s 2 , the probability of failure of the train-bridge system is established as the probability of the bridge deck reach this acceleration level.
It is observed that the obtained distributions are very similar for both simulation methods, as expected. However, the obtained distribution is not unimodal, due to the existence of two distinct types of response: resonant and non-resonant behaviour. This provides an interesting opportunity to check on how the complexity of the response affects the efficiency of the different methodologies. The estimated probabilities of failure for the different methods are summarized in Table 6, whereas Table 7 shows the required number of simulations to accurately assess the probability of failure due to track instability. Table 7 : Number of simulations required to accurately assess the probability of failure due to track instability.
Compared to the GPD approach the ES proves to be more efficient, resulting in reducing the necessary number of simulations to slightly less than 30% (less 34,000 simulations) for the MC simulation and a little over 50% (less 24,000 simulations) for the LH simulation. Regarding the influence of the complexity of the limit state function it became evident that if the response is not monotonic the LH may cause problems thus affecting the efficiency of the ES procedure. Furthermore, it was shown that if the computational costs can be reduced through a refined simulation method then the use of the ES approach will result in even further benefits. Another important feature of the ES procedure that should be pointed out is the fact that it enables quantifying the uncertainties of the estimated probability of failure, thus providing an extra tool to assess the quality of the failure estimation. The GPD approach seems to be much more sensitive to the level of irregularity of the tail of the distribution rather than the complexity of the limit state.
Globally, the safety assessment due to excessive deck acceleration can be accurately analysed with 14,000 simulations by enhanced MC simulation for the critical speed range (275 -295 km/h). In order to guarantee the track stability the train speed over the bridge should be limited to 280 km/h.
CONCLUSIONS
The current work is focused on assessing the efficiency of different probabilistic methodologies for the safety assessment of short span railway bridges. A composite bridge with six simply supported spans of 12 m and ballasted track was selected as case study for the crossing of the TGV-double high-speed train. The variability of parameters related to the bridge, the track and the train were taken into account along with the existence of track irregularities. The selected case study offers the possibility of analysing a failure modes that is characterized by a non-unimodal distribution limit state functions.
Two different simulation techniques (Monte Carlo and Latin Hypercube) are combined with two different procedures: a tail modelling approach based on the extreme value theory that uses the Generalized Pareto Distribution to model the upper tail of the obtained distribution, and an Enhanced Simulation technique which uses an approximation procedure based on the estimates of the failure probabilities at moderate levels for the prediction of the far tail failure probabilities.
The ES approach proves to be more efficient than the GPD, resulting in reducing the necessary number of simulations to slightly less than 30% (less 34,000 simulations) for the MC simulation and a little over 50% (less 24,000 simulations) for the LH simulation. It also became evident that if the response is not monotonic the LH may cause problems thus affecting the efficiency of the ES procedure. Furthermore, it was shown that if the computational costs can be reduced through a refined simulation method then the use of the ES approach will result in even further benefits. The ES procedure benefits from another important feature which is the fact that it enables quantifying the uncertainties of the estimated probability of failure. This provides an extra tool to assess the quality of the failure estimation. Regarding the GPD approach it seems to be much more sensitive to the level of irregularity of the tail of the distribution rather than the complexity of the limit state.
